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Label-Free Determination of Compositional Fluctuations and Macro-
scopic Phase Separation in a Ternary Lipid Mixture
Georg Pabst1, Beate Boulgaropoulos1, Zoran Arsov2, Peter Laggner1.
1Austrian Academy of Sciences, Graz, Austria, 2Jozef Stefan Institute,
Ljubljana, Slovenia.
Reports on phase coexistence regimes and directions of tie lines of ternary
lipid mixtures are often controversial. The origin of these controversies is typ-
ically the experimental window of the applied experimental techniques.
Additional complications arrive due to putative influences of labels on the
phase behavior. Therefore, we combined small- and wide-angle x-ray scatter-
ing, differential scanning calorimetry and attenuated total reflection-Fourier
transform infrared spectroscopy to probe the stability and physical properties
of coexisting domains under label-free conditions. The capabilities of this
combination are demonstrated on a model system composed of palmitoyl
oleoyl phosphatidylcholine, sphingomyelin and ceramide. This mixture
mimics sphingomyelinase activity on biological membranes. We found com-
positional fluctuations (unstable microscopic domains) in the absence of
ceramide and macroscopically separated fluid and gel phases upon the
addition of ceramide. Additionally, we observed broad phase transitional re-
gions in the presence of ceramide, where also phase fluctuations occurred.
Results are compared to a previously reported phase diagram and discussed
in relation to the biological activity of sphingomyelinase. Our study demon-
strates the necessity of applying a mix of experimental techniques to probe
local/global structural, as well as fast/slow motional properties in complex
lipid mixtures.
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We address the hypothesis that functions of cellular membranes are affected by
non-specific lipid-protein interactions due to bilayer material properties that de-
pend on both pressure and temperature [1]. Changes of either pressure or tem-
perature cause lipid bilayer deformations that are quantified by 2H NMR and
X-ray scattering for membranes under osmotic stress. We present measure-
ments of membrane structural parameters such as bilayer thickness and the
area per lipid by employing a mean-torque analysis [2-3] of 2H solid-state
NMR results together with X-ray scattering data. The 2H NMR experiments
for both hydration pressure (low water content) and osmotic pressure (with
poly(ethyleneglycol)) show that the segmental order parameters (SCD) of
DMPC approach very large values of z 0.35 in the liquid-crystalline state.
These two pressures are thermodynamically equivalent, because the change
in chemical potential when transferring water from the interlamellar space to
the bulk water phase corresponds to the induced pressure, as experimentally
verified by NMR measurements [4]. By considering the equations of state at
thermal equilibrium, we extend this approach to address the correspondence
between osmotic pressure and hydrostatic pressure. Area per lipid measured us-
ing both NMR and X-ray measurements provides a thermodynamic parameter
that quantifies membrane deformations [2]. Combined analysis of NMR and
X-ray allows us to further test our understanding of dehydration and osmotic
stress-induced membrane deformation. We conclude that solid-state 2H NMR
spectroscopy and X-ray scattering together with bilayer membrane stress tech-
niques are important tools for understanding of the mechanism of pressure sen-
sitivity of membrane proteins. [1] A.V. Botelho et al. (2006) Biophys. J.91,
4464-4477. [2] H.I. Petrache et al. (2000) Biophys. J.79, 3172-3192. [3] H.I.
Petrache et al. (2001) JACS 123, 12611-12622. [4] K.J. Mallikarjunaiah
et al. Biophys. J.(in press).
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Conventional models of multi-component membranes usually assume the
lipid velocity induced by membranes shape change is small. Hence, The Peclet
number is small and convection is negligible compared to diffusion. However,
the situation is dramatically different if the deformation of membranes is
big and fast. In this paper, we report striking effects of convection when mem-
brane tubes are pulled out from liquid ordered (Lo) phase with various pulling
speeds. The competition between curvature-driven lipid sorting and thepulling-induced convection leads to new behavior. If the pulling speed is
very big, the diffusion process is much slower than the pulling process. The
lipids are "frozen" on the surface and diffusion can be neglected. The whole
membrane is in Lo phase. If the pulling speed is very small, the membrane
shape change slowly and lipids have enough time to diffuse. The high curvature
of the membrane tube will drive the formation of the liquid disordered (Ld)
phase. If the pulling speed is comparable to the diffusion speed, some interest-
ing phenomena appear. For example, one Ld domain is nucleated around the
neck region and grows larger with time for relatively low pulling speed. If
the pulling speed is a little higher, multiple Ld domains can be nucleated and
pulled out from the neck region. Finally, experiments are designed to verify
the predictions.
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Voltage-gated proton (HV) channels have been shown to play an essential role
in immune system function. They are homologous to the voltage-sensing
domain (VSD) of voltage-gated potassium (Kv) channels. In contrast to the tet-
ramer structure of Kv channels, we found that Hv channels are dimers with just
two S4 segments. Recently, we showed that the total effective gating charges
are 5.950.4e0 in the dimer and 2.750.1e0 in the monomer and that S4 move-
ment (containing 3 arginines) precedes channel opening. However, which
specific arginine from S4 segment contributes to the effective gating charge
is still unknown. To answer this question, we replaced each arginine residue
with asparagines separately in Ciona intestinalis Hv channels. Patch-clamp
recordings in Xenopus oocytes showed a dramatic decrease of total gating
charges when measured by the limiting slope method: 1.9, 2.9 and 2.2 e0 for
R255, R258 and R261, respectively. In addition, our cysteine accessibility mea-
surements are consistent with an outward movement of these three S4 charges
during channel opening. According to our findings, we conclude that the S4
segment moves and functions as the voltage sensor and all S4 charges contrib-
ute to voltage gating in Hv channels.
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Phosphatidylinositol 4,5-bisphosphate [PI(4,5)P2] is a minor component in the
cell membrane, but has very important roles in a broad range of cell functions.
Many proteins have binding domains that bind specifically to PI(4,5)P2. While
hydrogen bond interactions play a pivotal role in these interactions, electro-
static interactions strongly contribute to any protein/PI(4,5)P2 binding event.
In addition, the lateral distribution of PI(4,5)P2 within the bilayer is strongly
dependent on its ionization state. Although the ionization state of PI(4,5)P2
has been examined in previous research, there has been no data on the ioniza-
tion properties of PI(4,5)P2 in more complex lipid mixtures that contain lipids
capable to donate hydrogen for bond formation with PI(4,5)P2. Here we inves-
tigate the ionization state of PI(4,5)P2 in mixtures of three or more lipids. Using
MAS solid state 31P-NMR, we examined the ionization state of PI(4,5)P2 in
multilamellar vesicles composed of DOPC and DOPE (70% DOPC, 25%
DOPE, 5% PI(4,5)P2) for pH values between 4 and 10. In comparison to the
binary PC/PI(4,5)P2 mixture (Kooijman et al. Biochemistry 48 (2008) 9360),
the titration curve is shifted to lower pH values, indicating an increased depro-
tonation of the PI(4,5)P2 phosphomonoester groups. In additioin, the titration
curve has a complex shape, suggesting a pronounced interaction between
DOPE and PI(4,5)P2. We are currently examining the ionization properties
of PI(4,5)P2 in the presence of phosphatidylinositol (PI) since it is likely that
these two lipids are co-localized in the plasma membrane. Our NMR studies
are being complemented by GUV studies of ternary lipid systems. For example,
it is found that PE has a strong effect on the morphology (domain structure) of
PI(4,5)P2 containing lipid systems.
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The increasing prevalence of antibiotic resistant strains of bacteria necessitates
the development of new antibiotic drugs, preferably operating via novel path-
ways to avoid cross-resistance with drugs already in use. The group of Shai
and coworkers has recently proposed a new set of very short lipid-modified
